Endovascular microtools refers to catheter-like systems with microdevices that are put into arteries and veins. An intravascular micro active catheter system is the most advanced type of endovascular microtool. It consists of an active bending catheter and some functional catheters, such as intravascular micro ultrasound and micro drug infusion catheters. These systems are widely under development and commercialization. In this paper, we present a brief overview of the intravascular micro active catheter, followed by an explanation of the microsystems that have been developed at Seoul National University. This system consists of an active bending catheter, a micro drug infusion catheter and an ultrasound scanning catheter. All these systems show the proper functions for in vivo and in vitro tests.
Introduction
Various catheters can be applied in intravascular or endovascular surgeries. However, most of these catheters are of non-active type, and it is difficult to choose a direction in the branch of a human artery with these non-active type catheters. So the intravascular micro active (IMA) bending catheter is the most advanced type of endovascular microtool, able to bend in any direction in the branches of arteries. In addition, the catheter containing an inner hole can be a pathway for other functional catheters used for observation and diagnosis. Intravascular micro ultrasound catheters, micro drug infusion catheters, catheters for scissoring or suction, balloon catheters, angioscopes and optical fibers for laser treatment can be used as functional catheters [1] . In this paper, the IMA catheter system refers to the whole system with the IMA catheter and some functional catheters.
There are several researchers involved in developing the active catheter, because it can be applied to diagnoses and surgery protocols in the arteries, internal organs and abdominal cavities. The research institution, Mitsubishi Cable Industries, Ltd, and Tohoku University have presented the developing status of the bending, torsional and extending active catheter [2] . The Esashi Laboratory in Tohoku University, Japan [3] and the Olympus Optical Co., Ltd, [4] have developed the multi-linked active catheter. Each link of the actuator of the Esashi Laboratory could be controlled individually to take complicated shapes such as the character S. However this active catheter was too weak to be applied to real arteries. This active catheter was modified to utilize flat-type shape memory alloy (SMA) wires. The flat-type SMA wire can be fabricated by photolithography and etching processes, and so is applicable for mass production [5] . The micro catheter of Olympus Optical Co. has shown more complicated features with tactile sensors in the tip of the catheter. When the tactile sensors touched a wall, pressure was exerted and the SMA wires were heated to bend in the opposite direction. Thus, it could avoid contact with the wall automatically. The prototype had a 1.5 mm external diameter and a 0.6 mm internal diameter. Most of these catheters have shown good performances in the laboratory situation, but have very weak structures and low strength. It is important to acquire enough strength, reliability and biocompatibility for application in real arteries that have high pressure and flow rate of blood. So the rigidity and stability of the system are the most important factors for commercialization.
In the developed IMA catheter in this paper, the functional mechanisms were separated and developed as functional catheters. The IMA catheter has only to obtain the exact point with an actuator and a guide wire in the inner hole of the catheter. After positioning the IMA catheter, functional catheters are introduced through the inner hole of the bending catheter in case of need. This type has many advantages: it is easier to go against the blood flow because of the small area of the catheter tip; it easily has various functions only by changing the functional catheters; and it is adaptable for doctors who are familiar with conventional catheters and guide wires.
Fabrication

Composition of the developed IMA catheter system
We have developed the IMA catheter system, which consists of the IMA catheter and two functional catheters. The IMA catheter is a tube-like catheter with an outer diameter of 3.0 mm, an inner diameter of 2.0 mm and a length of 1000 mm. The inner hole fits to developed functional catheters. It can be actuated with three zigzag-type SMA springs, which can be controlled in any direction by a pulse width modulation (PWM) controller. We developed a micro drug infusion catheter and an ultrasound scanning catheter as the functional catheters. The outer diameter is constrained within 1.5 mm so that it is easy to insert.
Fabrication of an IMA bending catheter
The bending actuator installed at the tip of the IMA catheter is actuated with three (or six) zigzag-type SMA springs (figure 1). These springs are installed at intervals of 120
• at the circumference [6] . Links were made of biomedical engineering plastic and brass, with holes drilled 300 µm in diameter. The material was chosen with consideration of the heat from the SMA spring and the mechanical stress from the mechanical connection.
The power and rigidity of the actuator can be enhanced by actuator modification with six SMA wires. Figure 2 (d ) shows the actuator with the six SMA wires. The inner tube in this actuator is liner-type made of the SMA spring, with Parylene TM and polyurethane coating. The thickness of the polyurethane coating and the diameter of the spring were precisely chosen by experiment to avoid buckling in large bending angles.
Fabrication of an intravascular drug infusion catheter
The micro drug infusion pump installed at the tip of the drug infusion catheter was fabricated with silicon micromachining techniques (figure 3). The outer dimensions of the pump are 1.2 × 1.18 × 5.0 mm 3 and the drug capacity is about 1 µl, and the drugs are filled in and pushed out by the silicone membrane expanded by the electrolysis expansion of the water in the electrolysis chamber [7] .
This pump consists of three layers: the upper, middle and lower layers (figure 4). The upper layer, fabricated with the silicon wet etching process, encapsulates the drug chamber. In the middle layer, the silicone membrane and nozzle are fabricated. The lower layer has patterned thin metal films as the electrolysis electrode and heater. These three layers are diced into small chips and bonded using the adhesive bonding method.
In the rear part of the drug pump, three holes were wet etched by TMAH to connect a connector and electric signal lines. Three electric signal lines were inserted into three holes and a connector with a guide wire was connected to the connection port (figure 5).
Fabrication of an ultrasound probe catheter
The ultrasound probe catheter can be applied to examine arteries in order to detect arteriosclerosis. The developed ultrasound probe catheter is single-transducer type and has a micromotor-driven ultrasound mirror (figure 6). This catheter has an outer diameter of 2.1 mm and a length of 20 mm. A slip ring was fabricated with LIGA technology. This ultrasound probe catheter cannot be used as a functional catheter because of its large outer diameter, so it was assembled at the tip of the actuator of the active bending catheter. In addition, a probe catheter with a reduced diameter is under development.
Encapsulation coating for the IMA catheter system
The fabricated catheters were coated with Parylene TM thin film (Specialty Coating Systems, Inc., IN). This film has very low dielectric constant, and high surface resistance and breakdown voltage [8] .
The fabricated systems were cleaned by ethanol using an ultrasound cleaner. In particular, the silicon drug infusion pump was then surface modified by an A-174 adhesion promoter, because it was made of silicon. The Parylene TM coating made the system stiff, electrically isolated and strong against the moisture of the environment. In addition, it made the catheters easy to insert because of its low friction coefficient.
However, the bending angle of the actuator was decreased with the coating. The thickness of the outer tube of the Schematic diagram of the micro drug infusion pump fabricated using MEMS technologies [7] .
actuator, the stiffness of the SMA wires and the structure of the actuator were modified by experimental methods, and could compensate for the loss of the bending angle.
Development of a mock circulation system for in vitro tests
For the evaluation of the IMA catheter system, a mock circulation system was developed, controlling the flow rate, velocity and temperature. A vascular model in this mock system was made of glass, after the real human vascular system, with some branches (with a diameter under 5 mm) of the main blood vessel being simplified. The dimensional data (length, bending angle and diameter) of the blood vessel were taken from the artery data of a 22-year-old man [9, 10] from the ascending aorta to the iliac artery. These data are presented in table 1. Instead of the pulsation, the flow velocity was controlled in three phases: maximum, minimum and mean flows. These phases were realized by controlling the flow velocity with two valves: the bypass valve and the entry valve. The former controlled the flow rate of the upstream flow to the overhead reservoir, and the latter controlled the flow rate of the downstream flow to the glass vascular model. A settling chamber was installed to avoid the vortex in the flow, and heaters and a thermo-controller were installed to control the temperature of the flow. The catheter could be inserted into the flows with an introducer system with a stainless-steel liner, a magnetic ball valve and polymer encapsulation valves. The tolerance between the liner and the ball valve was precisely controlled so that the flow did not leak. 
Results
Motion test result in atmosphere
In the motion test of the actuator, the correspondence between the motions of an actuator and a joystick and the bending angle of the actuator was evaluated (figure 7). The length of the actuator developed in this work is about 40 mm. The actuator could bend to 90
• within 0.5 s and return to the original position in the same time. At the returning signal of the joystick, the PWM controller gives electric current to the other SMA wires to make the actuator return by compulsion. This forced restoring method means that the actuator can be restored very rapidly, but it makes the bending angle decrease in repeated bending motion. The electric current supplied in the returning motion should be controlled precisely to avoid collapse of the actuator and decrease of the bending angle. The developed actuator could easily trace the joystick motion simultaneously. The ultrasound probe installed active bending catheter could bend to 60
• within 0.5 s (figure 8).
In vitro test results: no-flow condition in mock circulation system
The active bending catheter could reach anywhere in the mock circulation system. Very fast and complex motion could be acquired without any problems. We put the active catheter from a common iliac artery, into a deep femoral artery, a common carotid artery and a branchiocephalic artery. This catheter could even access the ascending aorta through 180
• crooked pathways ( figure 9 ). 
In vitro test results: flow condition in mock circulation system
The flow in the mock circulation system has the same flow rate, Reynolds number, temperature and flow velocity as real human blood. The active bending catheter is inserted into the flow using the introducer system (figure 10). The actuator motion was worse than that of no-flow condition, because of the high flow rate. Vibration of the actuator was severe in the flow condition, but the active bending catheter could be inserted into the branchiocephalic artery, the common carotid artery, the subclavian artery, the abdominal aorta, the renal artery, the celiac trunk, the superior mesenteric artery, and the inferior mesenteric artery. The electric current was 1.5 times higher than that in the no-flow condition, making the actuation time the same as that in the no-flow condition. Figure 11 shows the location and drug injection of the drug infusion catheter in the mock circulation system in the flow condition. This catheter could be inserted at the exact point wanted in the flow using the IMA catheter.
Ultrasound probe scanning test results
The ultrasound probe catheter was evaluated with a real artery of a cow. The ascending aorta of a cow was used, which had various diameters between 10-30 mm. The wall thickness profile of the artery could be acquired in B-scanning mode. Figure 12 shows the B-scanning result of the artery wall profile, with modified image processing units of laparoscopical ultrasound scanning.
The ultrasound probe installed IMA catheter was evaluated in a mock circulation system in the flow condition ( figure 13 ). This integrated catheter showed the same performance as the IMA catheter without an ultrasound probe. This ultrasound probe can stand the high resistance of the flow and is not broken in it, but the scanning test in the mock circulation system failed because it was impossible to make a mock circulation system of real arteries.
In vivo test results
This system can be used in laparoscopic surgery to access the more deep and hollow regions in the abdominal cavity. The IMA bending catheter could be inserted using the introducer system in laparoscopic surgery and it could be located in a very hollow region near a pig's ovary. The electric current was 1.2 times higher than that in atmosphere because of the temperature and moisture in the abdominal cavity of the pig.
Discussion
The resistance from the blood flow was very large in the mock circulation system. So, high rigidity, low friction coefficient and small tip area of the actuator were the most important points for commercialization. The rigidity could be enhanced by design modification, such as thickening the inner and outer tubes and using Parylene TM coating. The decrease of the bending angle of the rigidity-enhanced actuator could be compensated for by increasing the number of SMA springs from three to six. The decrease of the friction coefficient could be accomplished using the Parylene TM coating on the inner and outer surfaces of the catheter system. This coating could make the whole system encapsulated and biocompatible.
During the test, air embolism, which can cause the death of the patient, took place in some branches of the vascular model. This was because of the open-ended atmosphere of the inner hole of the active bending catheter. The sealing and introducing mechanisms are being designed to remove this air embolism and to make the functional catheters easier to insert into the inner hole of the active bending catheter.
The motion reliability and vibration reduction of the actuator in the flow should be acquired to avoid catheterinduced endothelial cell damage. The motion of the actuator used to be easily disturbed by vibration. This vibration should be minimized by the signal optimization of the PWM controller and the stiffness/flexibility optimization of the actuator, and the fabrication processes should be modified to round off the angles of the tip edges of the actuator to minimize damage to endothelial cells. In in vivo tests, humidity and temperature could cause the system to malfunction, especially in the SMA actuation based on the thermal effect. The electrical current supplied to the actuator should be optimized considering the humidity and temperature effects. More laparoscopical in vivo and in vitro tests in the artery of a living animal with blood flow are planned to obtain data, which make the system adequate for biological environments.
Conclusion
The MEMS-based IMA bending catheter system, with drug infusion and ultrasound probe catheters, has been developed and evaluated using a mock circulation system. The developed system could work in a flow that has the same velocity, rate, temperature and Reynolds number as a real human vascular system. The developed active bending catheter could choose any direction in the branches and could access the more hollow and complicated regions in the vascular model, which could not easily be reached using only guide wires. Besides, through the inner hole of the active bending catheter, a fabricated micro drug infusion catheter could be inserted at an exact point in the vascular model, and could infuse 1 µl volume of drugs into the flow. The ultrasound probe was installed at the tip of the actuator, and could carry out B-scanning to acquire information on the thickness of the inner wall of real arteries. In future work, we will enhance the capacity of this system and modify the fabrication processes for mass production, enhancing the usability.
